Early work with size-tunable periodic particle arrays (PPAs) fabricated by nanosphere lithography (NSL) demonstrated that the localized surface plasmon resonance (LSPR) could be tuned throughout the visible region of the spectrum. Further developments of the NSL technique have produced a myriad of nanoparticle configurations. Presented in this paper are several array types and examples of their utility in current applications. Both the sensitivity and tunability of the LSPR have been firmly established using single layer PPAs. Magnetic force microscopy (MFM) has been used to show that double layer PPAs act as single domain magnets and give strong MFM contrast. Angle-resolved NSL has produced nanogap and nano-overlap structures with manipulation resolution of one nanometer. Nanowell structures extend the original twodimensional structure into the third dimension. Exploitation of this flexible, materials-general NSL technique allows for investigation of the catalytic, electrochemical, magnetic, optical and thermodynamic properties of nanoparticles.
INTRODUCTION
Nanoparticles composed of metals and semiconductors exhibit distinct size-dependent chemical and physical properties that differ from their bulk material counterparts. Understanding these properties and developing low cost, high-efficiency production methods are motivating factors in this line of research.
Several standard lithographic methods are routinely used to create nanostrutures with controlled size, shape, and spacing. UV photolithography [1, 2] is a widely used method; however, its feature sizes are limited by its diffraction-limit of λ/2. Electron beam lithography [2] is characterized by low sample output, high sample cost, modest feature shape control, and excellent feature size control. X-ray lithography [3] is characterized by initially high capital costs but high sample throughput. Additional lithographic techniques are in development. Among these methods are scanning tunneling microscopy [4] and atomic force microscopy [5] lithographic techniques. As a consequence of the aforementioned limitations, alternative, parallel nanolithographic techniques are being explored including (1) diffusion-controlled aggregation at surfaces [6] ; (2) laser focused atom deposition [7] ; (3) chemical synthesis of metal-cluster compounds and semiconductor nanocrystals [8] ; and (4) "natural lithography" [9, 10] .
The work presented here is an extension of Deckman's "natural lithography," hereafter renamed nanosphere lithography (NSL) [11] . NSL is inexpensive (less than $1 per sample), inherently parallel, high-throughput, and materials general technique. Consequently, NSL is capable of producing well-ordered, 2D periodic arrays of nanoparticles from a wide variety of materials on many substrates.
In this paper, demonstrations of multiple NSL structures will be presented. The size-tunable optical properties of single layer periodic particle arrays (PPAs) [12] and the magnetic properties of double layer PPAs will be exploited [13] . Additionally, by angle-resolving the nanosphere mask, nanogap, nano-overlap, and nanochain structures can be fabricated [13] . Finally, by combining reactive ion etching (RIE) with NSL, nanowell structures can be fabricated. Following sonication, the substrates were again rinsed repeatedly with water and then used immediately or stored in water for no longer than one week.
EXPERIMENTAL
Periodic particle array preparation. Simply, a suspension of nanospheres was dropcoated onto the substrate where they self-assembled into a hexagonally close-packed 2D colloidal crystal that served as a deposition mask. For nanoparticle arrays fabricated on mica substrates, the nanospheres were received as a suspension in water and were then further diluted in a 1:1 ratio with a solution of the surfactant Triton X-100 and methanol (1:400 by volume). Addition of the surfactant solution allowed for better packing over large areas of the mica substrate. Nanospheres used to form deposition masks on glass substrates were used as received without any further dilution with a surfactant solution. Once the 2D colloidal crystal deposition mask was formed, the substrates were mounted into the chamber of a consolidated Vacuum Corporation vapor deposition system. The angle-resolved deposition was accomplished by mounting the sample on machined Al blocks. Ag films of various thicknesses were then deposited over the nanosphere mask. The mass thickness, d m , for each film was measured using a Leybold Inficon XTM/2 deposition monitor quartz crystal microbalance (East Syracuse, NY). After the Ag deposition, the nanosphere mask was removed by sonicating the entire substrate in either CH 2 Cl 2 or absolute ethanol for 2 minutes.
Atomic force microscopy (AFM) measurements. AFM images were collected under ambient conditions using a Digital Instruments Nanoscope III microscope operating in either contact mode or tapping mode. Etched Si nanoprobe tips (Digital Instruments, Santa Barbara, CA) with spring constants of approximately 0.15 N M -1 were used. These conical shaped tips had a cone angle of 20° and an effective radius of curvature of 10 nm. The resonance frequency of the tapping mode cantilevers was measured to be between 280 and 330 kHz. The AFM images presented here represent raw, unfiltered data.
D4.8.2
Ultraviolet-visible extinction spectroscopy. Extinction spectra were recorded in standard transmission geometry using either a Beckman DU-7, Ocean Optics SD2000, or an OLIS modified Cary 14 spectrophotometer. Regardless of the instrument used, all macroextinction measurements were recorded using unpolarized light with a probe beam size of approximately 2-4 mm 2 . Magnetic force microscopy (MFM) measurements. MFM images were collected under ambient conditions using a Digital Instruments Multimode Nanoscope IIIa microscope. MESP MFM tips (Digital Instruments, Santa Barbara, CA) were vertically magnetized using the device provided by Digital Instruments. The samples were magnetized by placing them between two 3/4 inch disk magnets. The magnetic field between these two magnets is approximately 4000 Oe.
Pulsed laser deposition of Ni and Co. The 532 nm or 1064 nm output of a Quanta-Ray DCR-1 Nd:YAG laser was used to perform the deposition. The turbo pumped vacuum chamber had a base pressure of 1 x 10 -6 torr. The laser pulses were 10 ns in duration at a rate of 10 Hz with an energy of 7.5 to 10 mJ/pulse. The film thickness was continuously monitored using a quartz crystal microbalance, and the deposition rate was typically 0.1 nm/minute. Once the desired deposition mass thickness, d m , was achieved, the samples were removed from the vacuum chamber, and the nanospheres were removed by dissolution in CH 2 Cl 2 with the aid of sonication.
Reactive Ion Etching. The 2D colloidal crystal deposition masks were mounted into the chamber of a home-built RIE chamber. The substrate was then etched with 20 mTorr CF 4 at 2.2 W/cm 2 for varied lengths of time.
DISCUSSION
Single layer periodic particle arrays. In the simplest case of NSL, a single monolayer of hexagonally close-packed nanospheres is deposited onto the substrate. Following material deposition through the sphere mask and sphere removal, an array of triangular particles is created. This nanoparticle pattern, which covers 7.2% of the substrate area, is referred to as a single layer periodic particle array (SL PPA).
The signature optical property of noble metal nanoparticles is the localized surface plasmon resonance, hereafter, LSPR. The primary consequences of the LSPR excitation are (1) selective photon absorption and scattering and (2) electromagnetic field enhancement. The LSPR of SL PPAs, as monitored by extinction spectroscopy, has been shown to be tunable from ~400 nm to 6000 nm [12] . Figure 1 depicts this tunability throughout the visible range. This was accomplished by varying the size and shape of the nanoparticles. Double layer periodic particle arrays. By increasing the concentration of nanospheres deposited onto the substrate, two layers of hexagonally close-packed nanospheres form a colloidal crystal. Following metal deposition through the sphere mask and subsequent sphere removal, an array of hexagonal particles is created. This nanoparticle pattern, which covers 2.2% of the substrate, is referred to as a double layer periodic particle array (DL PPA).
As magnetic materials reach the size regime of 100-500 nm, the physical size of the magnet dictates that the lowest energy structure is one in which all magnetic moments point in the same direction, creating a single domain magnet. Magnetic force microscopy (MFM) investigations of DL PPAs (particles with and approximate diameter of 20 nm) have demonstrated that these particles are single domain in nature (Figure 2 ) [13] . The most promising application of this architecture is their possible use for data storage. Angle-resolved periodic particle arrays. In the aforementioned nanostructures, all materials were deposited from a source perpendicular to the nanosphere mask. By varying the angle between the nanosphere mask and the beam of deposition material, Q dep , a new class of NSL structures has been fabricated. This technique is referred to as angle-resolved NSL (AR NSL). Nanogap architectures are fabricated by depositing metal through a nanosphere mask mounted at Q dep = 0 and then depositing a second material (of the same or different composition) at or above a nanogap threshold value of Q dep . Figure 3 depicts a nanogap example in which Ag was deposited at Q dep = 0 and 26. The gap between these particles is approximately 25 nm. By varying the second Q dep in 0.1 increments, the gap's spacing can be controlled with 0.75 nm resolution [13] . The gap between these particles can be varied so they are in contact or overlapping [13] . The possibility of performing more than two depositions using AR NSL also exists. By performing three depositions at different Q dep , nanochain structures can be made [13] .
Nanowell structures. In a slightly different approach, a single monolayer of hexagonally close-packed nanospheres is deposited onto the substrate. Next, the samples were placed in a reactive ion etching (RIE) chamber and exposed to CF 4 plasma. When CF 4 plasma strikes the polystyrene nanospheres, the hydrocarbons are fluorinated. This non-volatile product is not etched away, so the spheres act as an etch stop. Meanwhile, as the CF 4 plasma penetrates the holes in the sphere mask, volatile SiF 2 radicals and SiF x products are etched away [14] . After removing the sphere mask, AFM revealed triangular holes (nanowells) in the substrate ( Figure  4) . By depositing metal into the wells before nanosphere removal, homogeneous nanorods embedded in a substrate can be made and studied.
CONCLUSIONS
Nanosphere lithography (NSL) has been used to fabricate a variety of nanoparticle structures. The localized surface plasmon resonance of single layer periodic particle arrays have been shown to be tunable throughout ~ 400 nm -6000 nm. Double layer periodic particle arrays exhibit single domain magnet properties. Nanogap, nano-overlap, and nanochain structures can be made using angle-resolved techniques. By combing NSL with reactive ion etching, nanowell structures can be fabricated.
NSL is a powerful fabrication technique that produces arrays of nanoparticles with controlled shape, size, and interparticle spacing. The development of NSL is driven by the need to produce a homogenous, materials-general nanoparticle synthetic technique. We anticipate that the inexpensive and flexible nature of this technique will be a powerful tool in the advancement of nanoparticle understanding.
